Koczor CA, Torres RA, Fields EJ, Boyd A, He S, Patel N, Lee EK, Samarel AM, Lewis W. Thymidine kinase and mtDNA depletion in human cardiomyopathy: epigenetic and translational evidence for energy starvation. Physiol Genomics 45: 590 -596, 2013. First published May 21, 2013 doi:10.1152/physiolgenomics.00014.2013.-This study addresses how depletion of human cardiac left ventricle (LV) mitochondrial DNA (mtDNA) and epigenetic nuclear DNA methylation promote cardiac dysfunction in human dilated cardiomyopathy (DCM) through regulation of pyrimidine nucleotide kinases. Samples of DCM LV and right ventricle (n ϭ 18) were obtained fresh at heart transplant surgery. Parallel samples from nonfailing (NF) controls (n ϭ 12) were from donor hearts found unsuitable for clinical use. We analyzed abundance of mtDNA and nuclear DNA (nDNA) using qPCR. LV mtDNA was depleted in DCM (50%, P Ͻ 0.05 each) compared with NF. No detectable change in RV mtDNA abundance occurred. DNA methylation and gene expression were determined using microarray analysis (GEO accession number: GSE43435). Fifty-seven gene promoters exhibited DNA hypermethylation or hypomethylation in DCM LVs. Among those, cytosolic thymidine kinase 1 (TK1) was hypermethylated. Expression arrays revealed decreased abundance of the TK1 mRNA transcript with no change in transcripts for other relevant thymidine metabolism enzymes. Quantitative immunoblots confirmed decreased TK1 polypeptide steady state abundance. TK1 activity remained unchanged in DCM samples while mitochondrial thymidine kinase (TK2) activity was significantly reduced. Compensatory TK activity was found in cardiac myocytes in the DCM LV. Diminished TK2 activity is mechanistically important to reduced mtDNA abundance and identified in DCM LV samples here. Epigenetic and genetic changes result in changes in mtDNA and in nucleotide substrates for mtDNA replication and underpin energy starvation in DCM.
starved engine" where the mitochondrially derived "fuel" of high energy phosphate is depleted (1, 13, 30, 41) .
Mitochondria are critical to myocardial energetics (16, 27) . Mitochondrial structural and functional abnormalities occur in CM, and reciprocally, genetic diseases of mitochondria include CM as a clinical component (2, 5, 32) . Oxidative phosphorylation (OXPHOS) provides ATP for the myocardium by transferring electrons through the electron transport chain (ETC). Nuclear DNA encodes 80% of ETC polypeptides, while only 13 are encoded by mtDNA, making those encoded by mtDNA critical and potentially limiting in energy production. Therefore, preservation of mtDNA abundance and mtDNA genetic integrity are critical in providing the enzymatic machinery necessary for normal cardiac energetics.
Deoxynucleosides and their phosphorylated products serve as the building blocks of mtDNA. They are phosphorylated to deoxynucleoside monophosphates by deoxynucleoside kinases (reviewed in Refs. 3, 42) . Deoxythymidine (dThd) phosphorylation is accomplished cytoplasmically by thymidine kinase 1 (TK1) in the cytosol of dividing cells. Another TK isoform, TK2 (mitochondrial), exhibits high kinase activity in heart, whereas cardiac TK1 activity is reported to be low (15, 29) .
Genetic evidence serves as proof of concept for the "energy starvation hypothesis" since mtDNA depletion is found in genetic diseases of mtDNA in which energy depletion is an important part (8, 36 -39) . The mitochondrial dNTP pool is pathogenetically important in genetic mtDNA depletion syndrome (MIM 251880, a heterogeneous group of inherited diseases sharing depletion of mtDNA and organ failure). Alterations in nucleotide pools, specifically dThd nucleotides, can elicit mtDNA depletion and altered contractility. Two separate mutations in human TK2 (Hisl21Asn, Ile212Asn) with different clinical severity were individually associated with infantile myopathy and mtDNA depletion in muscle (40) .
We embrace the hypothesis that energy starvation is a pathophysiological underpinning of CM in the left ventricle (LV) and promotes the CM phenotype via depletion of mtDNA. While data exist to support some events in energy starvation in DCM, the hypothesis is difficult to test rigorously since nonfailing (NF) control human heart samples are rare. As a unique feature, the present study provides such controls in the form of samples from NF hearts deemed unsuitable as donor organs for heart transplant recipients. This study uses molecular and biochemical studies to compare DCM and NF anatomically matched samples.
Decreased mtDNA abundance was found in the DCM LV. In contrast, right ventricle (RV) mtDNA abundance was unchanged. Gene promoter microarrays coupled with mRNA microarrays identified unique gene signatures of DCM. The promoter of the cytosolic TK1 was hypermethylated in DCM, with a corresponding decrease in its mRNA transcript. Enzyme assays reveal reduced TK2 activity in DCM. These results provide novel insights into the role of epigenetic control via DNA methylation of TK gene promoters, effects on their mRNA transcription, and TK total and isoform activity in DCM.
MATERIALS AND METHODS
Human heart samples. Adult human heart samples from DCM LVs (n ϭ 18) were obtained fresh from surgically removed native hearts at Emory University in accordance with Institutional Review Board protocols. Samples from 12 adult human NF controls were obtained from Loyola University Health System's Cardiovascular Institute Tissue Repository and from the Gift of Hope Organ and Tissue Donor Network. The investigation conformed to the principles outlined in the Declaration of Helsinki. Other details of the sample procedures are included in the accompanying paper.
mtDNA abundance. Methods utilized are similar to those described previously (26) . DNA sequences for primers and probes used for quantitation of mitochondrial and nuclear DNA analyzed the COX I gene of the mtDNA (forward primer, 5=-TTC GCC GAC CGT TGA CTA TT-3=; reverse primer, 5=-AAG ATT ATT ACA AAT GCA TGG GC-3=) and the POLG2 gene of the nuclear DNA (forward primer, 5=-GAG CTG TTG ACG GAA AGG AG-3=; reverse primer, 5=-CAG AAG AGA ATC CCG GCT AA-3=). Amplification was performed using the Lightcycler 480 system (Roche, Indianapolis, IN).
DNA methylation. DNA was extracted as previously described with a MagNAPure DNA Extraction System (Roche) (10) . Total cellular DNA from 10 NF and 10 DCM samples was quantitated and diluted in 10 mM Tris·HCl, pH 8.5 at a final concentration of 30 ng/l. The DNA was sonicated to obtain an average fragment size of 200 -500 bp. A sample of DNA was set aside for later normalization (denoted "input"), and then a portion of the sonicated DNA was enriched using the MethylCollector Ultra kit (Active Motif, Carlsbad, CA) following the manufacturer's directions. Enriched DNA was subsequently cleaned, concentrated, and denoted as "methylated." Both the methylated and input DNA were amplified by whole genome amplification (Sigma-Aldrich, St. Louis, MO). The amplified DNA was cleaned and verified for enrichment of methylated DNA with the provided PCR primers (Xist and GAPDH) in the MethylCollector Ultra Kit.
For DNA methylation analysis, Roche Nimblegen 2.1M Deluxe Promoter Arrays were utilized (Roche). Following the manufacturer's instructions, the DNA was fluorescently labeled and hybridized to arrays overnight at 42°C. Arrays were washed and then scanned on a Roche Nimblegen MS200 scanner. Images were analyzed by Nimblescan software as directed by the manufacturer (which included normalizing to the input DNA), resulting in a both log2 ratio values of methylated DNA compared with input for each probe and a final analysis utilizing a nonparametric, one-sided Kolmogorov-Smirnov (KS) test to determine a Ϫlog10 peak P value of the detected methylated DNA peaks (GEO accession number: GSE43435). Results were annotated to the gene locations.
Identification of differentially methylated genes. The processed data files from Nimblegen with ratio of the methylated DNA sample to the input (total DNA) sample for each DNA set relative to the peaks within promoter regions were used for analysis. A total of 19,156 unique genes were represented by at least one peak in any of the samples, and these genes were used to generate an m*n matrix, where m ϭ 19,156 genes and n ϭ 20 samples, 10 from each group. A score of 0 was assigned if a gene was not found enriched in a sample. An average relative score was used for genes represented by more than one peak.
The data were transformed by using a log10(x ϩ 1) transformation, where x is the matrix representing number of peaks uniquely mapping to a gene promoter. A two-stage gene selection process was used next to identify differentially methylated genes. The Bioconductor software for R was used for statistical analyses. In stage 1, differentially expressed genes were identified using two-sample Welch test, twosample Wilcoxon test, and limma at false discovery rate (FDR) adjusted significance level of 0.05. Operationally, a gene was classified as being differentially methylated if it was selected by any one of the three methods. This approach enabled us to identify 131 differentially methylated gene promoters. In stage 2, a binary particle swarm optimization (PSO) algorithm combined with DAMIP was used to identify genes that displayed changes in promoter methylation (11, 12, 24, 34) . We reported the results with 100% 10-fold cross validation accuracy for both DCM and NF groups. Stage 2 analysis identified 57 differentially methylated gene promoters.
mRNA expression arrays. RNA was extracted from 10 NF and 10 DCM human tissues with the Qiagen Fibrous Tissue RNeasy kit (Qiagen, Valencia, CA). RNA was analyzed on a gel to ensure high-quality RNA extraction and subsequently was quantitated. Up to 10 g of total RNA were used to synthesize double-stranded cDNA with the SuperScript Double-Stranded cDNA Synthesis Kit (Invitrogen/Life Technologies, Grand Island, NY). cDNA was then labeled with Cy3 and hybridized to a 12 ϫ 135 kb human expression array (Roche) overnight at 42°C. Expression arrays were washed and subsequently scanned on the Roche Nimblegen MS200 scanner. Images were analyzed by Nimblescan software as directed by the manufacturer, including RMA normalization and generation of expression data (GEO accession number: GSE43435). All NF and DCM samples were averaged together in their respective sets, and outliers were determined by a Grubbs test. Only those expression results relating to thymidine de novo or salvage pathways were analyzed. Means were generated for each cDNA analyzed, and a P value was determined between the NF and DCM samples for each cDNA BY a Student's t-test. Significance was determined as those cDNAs exhibiting a greater than twofold change compared with NF and a P Ͻ 0.05. Immunoblots. Approximately 50 mg of heart tissue was placed in 1 ml RIPA buffer (Sigma Aldrich) with protease inhibitor cocktail (Sigma Aldrich). A steel ball bearing was placed in the tube, and the samples were lysed for 2 min at 30 Hz using a TissueLyser (Qiagen).
Lysates were centrifuged at 1,000 g for 5 min, and the supernatant was transferred to new tubes and saved as the tissue lysate.
Lysates were analyzed with SDS-PAGE precast Bio-Rad AnyKD gels (Bio-Rad, Hercules, CA). Proteins were transferred to PVDF membranes and processed according to standard procedures. Protein detection utilized chemiluminescent substrate and film. TK1 band intensity was normalized to GAPDH band intensity. TK1 and GAPDH antibodies were obtained from Novus Biologicals (Littleton, CO). A total of seven NF and seven DCM samples were utilized for immunoblot analysis.
TK activity assays. TK activity was determined as previously described (7, 9) . Briefly, heart samples were lysed to preserve enzymatic activity. Assays utilized [ 3 H]methyl-thymidine (Perkin Elmer, Waltham, MA) as the substrate and proceeded for 1 h at 37°C. Total TK activity was determined for NF and DCM samples. TK2 activity was inhibited with the presence of 10 mM deoxycytidine, allowing quantitation of TK1 activity alone. TK2 activity was determined as the difference between total TK activity and TK1 activity. Activity was determined by liquid scintillation. For the activity assay, seven NF and 10 DCM samples were utilized.
Statistical methods. Statistical methods (not including the DNA methylation array analysis) utilized GraphPad Prism software. A P Ͻ 0.05 was determined to be significant in all cases unless otherwise noted. We used a Student's t-test when comparing NF to DCM, and a Grubbs test was used to determine outliers. The sample size is identified for each experimental set.
RESULTS
Human heart samples. Adult human DCM samples (n ϭ 18) were obtained fresh from surgically removed native hearts at the time of heart transplantation. Samples from 12 adult human NF controls came from donor specimens deemed unsuitable for clinical use. A total of 20 samples were selected for additional analysis, 10 from each group. The mean age (Ϯ SE) of NF mtDNA abundance. Reduction of cardiomyocytic energy production leads to cardiac dysfunction and heart failure in mouse models, and its reduction in human DCM required further exploration (22, 25, 26) . Clinical data support the role of decreased OXPHOS and ATP production in heart failure (35, 43) . We determined mtDNA abundance with quantitative PCR. In human DCM explants, LV mtDNA abundance was decreased by 50% compared with NF (Fig. 1A) . This observed decrease in mtDNA abundance was absent in RV samples (Fig.  1B) . Together, these results underscore the importance of maintenance of mtDNA abundance in cardiac function and implicate mtDNA depletion in the LV as a potential mechanism for decreased OXPHOS and for LV dysfunction.
DNA methylation and predictive analysis. We examined epigenetic regulation of nuclear gene transcription as a factor contributing to mtDNA depletion in the failing human heart. We utilized a two-stage selection process to determine differentially methylated peaks. In stage 1, all detectable promoter peaks were combined for a list of 19,156 gene promoters as a common reference. Gene promoter selection from statistical and clustering methods revealed 121 hypermethylated and 10 hypomethylated gene promoters in the DCM compared with NF. In stage 2, an in-house feature selection algorithm was utilized, with 10,000 iterations and 10-fold cross-validation. This second stage produced a stringent analysis of the DNA methylation patterns of gene promoters. It has been applied successfully to other disease databases in predictive analyses (34) .
Using this two-stage process, we identified 57 gene promoters with changes in DNA methylation (Table 2) ; 51 displayed hypermethylation in DCM samples, and six displayed hypomethylation. Some of the genes were previously defined as critical for cardiac function (e.g., thromboxane A2 receptor). Others have no known association with cardiac function. Among the latter, TK1 has not been previously implicated in human DCM, and TK1 is expressed at low levels in nonreplicating cells like cardiac myocytes (33) . We explored activity of both TK isoforms in DCM LV.
TK1. Of the 57 differentially methylated gene promoters, mathematical modeling revealed that pyrimidine biosynthesis through TK1 serves as a common thread to changes in nucleotide substrates for mtDNA replication. Previous studies showed alterations in the mitochondrial isoform (TK2) produce cardiac dysfunction and decreased mtDNA abundance (10, 22) . Other studies suggest reduced TK1 activity worsens pre-existing deficiencies in TK2 and promote a mitochondrial dysfunction phenotype (7) .
DNA methylation changes were found in regions of the TK1 promoter and gene. Log 2 ratios of methylated DNA to input DNA were plotted against the probed regions of chromosome 17 where the TK1 gene is located ( Fig. 2A) . In DCM samples, regions in both the TK1 promoter and the TK1 gene exhibit hypermethylation compared with those regions in NF samples. Certain areas of the TK1 gene and promoter exhibit higher levels of DNA methylation in DCM than NF, including ϳ4 kb upstream of the TK1 gene transcription start site and 2 kb following the transcription start site. We analyzed the ratio data for significant peaks in DNA methylation using a slidingwindow KS test (Fig. 2B) . When we used a peak P value Ͼ2, the most significant change was seen 4 kb upstream of the TK1 transcriptional start site, where a significant peak in DCM was seen and no peak was present in NF. The remaining regions also show higher peak P values in DCM compared with NF. These data demonstrate increased DNA methylation in the TK1 promoter in DCM.
Using expression arrays for all 20 samples, we determined changes in expression of TK1 mRNA and compared those to changes in other thymidine-related genes. A 55% reduction in TK1 expression was found in DCM (Table 3 ). In contrast, (Fig. 3) . Together, these data indicate that TK1 mRNA and protein modulation follows nuclear DNA methylation of the TK1 gene promoter in DCM LVs. TK activity. To determine if changes in TK1 expression and protein abundance altered thymidine phosphorylation, we assayed TK activity in the cardiac tissue samples. Total TK activity was determined as was the relative isoform contributions of TK1 and TK2. First we normalized TK1 and TK2 activity to total TK. TK1 accounted for 16.5% of the TK activity in NF samples and TK2 accounted for the remainder (Table 4 ). This ratio of TK isoform activity in DCM changed. TK1 accounted for 24.1% of the total, representing nearly 50% increase of TK1 in DCM LV compared with NF LV controls (P ϭ 0.005). Using a similar comparison for TK2, we found a 9% decrease in the relative activity of TK2 in DCM LV compared with NF (P ϭ 0.005).
Because total TK activity decreased ϳ30% in DCM, TK2 activity was compared with TK1 activity directly since TK1 activity was more consistent between DCM and NF samples. On the basis of this approach, we observed a 45% reduction in TK2 activity in DCM LVs compared with corresponding NF controls (P ϭ 0.02, Table 4 ). These data demonstrate a significant reduction in the TK2/TK1 ratio in DCM. They further suggest that TK1 DNA methylation and its reduced expression may serve as a compensatory mechanism to promote mitochondrial TK activity.
DISCUSSION
It has been suggested for some time that the failing human heart is a transition from normal, to compensated left ventricular hypertrophy, to decompensated failure with LV dilation (4, 6) . We combined this fundamental concept with that of energy starvation and hypothesized that human DCM is a cardiac phenotype of defective LV mtDNA replication and ETC with OXPHOS dysfunction. There is an intrinsic limitation to the study because of the relatively few patients that undergo transplantation and fewer donors deemed unacceptable for the procedure. Despite a relatively small sample size here, the homogeneity of the results within the cohorts and significance of differences between the cohorts speak to the robust nature of the findings, which are underpinned by extensive and predictive mathematical studies. The power of these results is further bolstered by the presence of authentic controls in the NF group. This unique resource allowed meaningful comparisons to be made and conclusions to be drawn.
This work utilizes results obtained from our associated study (18) . In that work, we describe in more detail the two individual computational analyses utilized to identify differentially methylated gene promoters in DCM. We first employed subtractive analysis to identify DNA methylation peaks detected in eight out of 10 DCM samples with no peaks detected in NF samples. We combined this analysis with gene expression microarray results to identify 158 genes exhibiting differential DNA methylation in the promoters and altered gene expression. In a second analysis, we used a two-stage approach combined a PSO feature selection algorithm and a discriminant analysis via mixed integer programming (DAMIP) classifier to identify differentially methylated gene promoters (23) . The first stage used standard statistical approaches that define differentially methylated gene promoters with FDR used as a criterion. The second stage "predicts" important differentially methylated gene promoters by training the support vector machine (DAMIP) to accurately classify NF and DCM. For these experiments, seven NF and seven DCM samples were used to "train" a computer to identify NF and failing hearts. Using the final three NF and three DCM samples, we can determine whether a candidate gene promoter can be used to blindly predict if a sample is NF or DCM. Using this approach, we could use 57 of these genes to accurately classify a human heart sample as NF or DCM. Since the subtractive analysis and DAMIP analysis were independent methods, cross-analysis of the results with the gene expression results identified four candidate genes warranting further studies. TK1 (along with AURKB, CLDN5, and BTNL9) was identified by both methods. This article serves as a molecular study to identify the cause of TK1 promoter methylation.
Findings underscore the importance of LV mtDNA depletion in the DCM heart and document epigenetic regulation of expression of a mitochondrially relevant gene that is intimately involved in mtDNA replication and energy homeostasis. Together, data here support the energy starvation hypothesis in DCM based on depleted mtDNA in the LV, document changes Fig. 3 . TK1 protein abundance. Immunoblots were analyzed for TK1 protein abundance, using 7 NF and 7 DCM LV samples. TK1 band intensity was normalized to GAPDH band intensity, and relative TK1 protein abundance was determined. A 32% decrease in TK1 protein abundance was observed in the DCM LV compared with NF LV. *P Ͻ 0.01, Student's t-test. in pyrimidine substrates for mtDNA (i.e., dTTP) necessary for mtDNA replication by pol ␥ and link them to decompensated heart failure in DCM. Furthermore, they bolster mitochondrial dysfunction as a core feature of decompensated human heart failure in DCM. In our prior studies with transgenic mice, we engineered changes in nucleotide pools in the heart or fostered dysfunction of mtDNA replication at the level of the mitochondrial DNA replicase (pol ␥) (10, 19, 21, 22) . Those transgenic manipulations resulted in LV mtDNA depletion, oxidative stress, and cardiac dysfunction (10, 20, 21, 23) . In the translational human studies here, mtDNA also was found to be depleted in the LV of DCM compared with LV of NF controls.
No mtDNA depletion occurred in the corresponding RV. These data from LV complement those from Karamanlidis and colleagues (17) , who documented significant mtDNA depletion in the failing LV at similar levels. In that published work, no comparable RV data were included. Together, results underscore mtDNA depletion in DCM exclusively in the LV per se and absence of such depletion in the NF LV or either DCM or NF RV.
In combination with mouse studies by others, findings suggest that the human heart may respond to depletion of mitochondrial TK2 activity by reducing cytosolic TK1 activity. This is accomplished in part by epigenetic modulation through DNA methylation of the promoter of the nuclear encoded TK1 gene. Our current hypothesis is that decreased TK2 activity drives TK1 promoter methylation and expression decline, possibly providing an epigenetic marker of a mitochondrial enzymatic deficiency that leads to downstream energy starvation. In studies performed in mutant TK2 mice, Hirano's group (7) found that heterozygous mutant TK2 ϩ/Ϫ mice showed a modest though not significant decrease in TK1 activity. For this heterozygous mouse, TK2 activity decreased by ϳ50%. However, homozygous mutant TK2 Ϫ/Ϫ mice (which have a Ͼ80% reduction in TK2 activity) did show a significant decrease in TK1 activity. This work suggests that the amount of TK2 activity decline (and possibly duration of TK2 functional deficit) impacts TK1 activity. For our studies, we observed a 30% decline in TK2 activity in heart samples. Their work and ours suggest interdependence between TK1 and TK2 activity, though how it is controlled is unknown. We hypothesize that DNA methylation is one mechanism, though it is fair to say there might be other mechanisms. The precise mechanism of TK1 gene promoter methylation in heart failure remains to be further clarified, but TK1 expression was the only thymidinerelated gene affected in this way. Other pathways of thymidine biosynthesis were unchanged in DCM. On the basis of analyses here, it appears that expression of de novo and thymidine salvage pathway enzymes was not altered (Table 3) .
DCM LV tissue responds to a reduction of mitochondrial dThd by altering TK1 expression. It follows that alterations in steady-state thymidine nucleotide pools may result in LV cells in DCM. If lower TK2 activity were the main force operating, reduced dTMP concentration intramitochondrially would result in decreased dTTP. Decreased mtDNA abundance could result from decreased availability of pyrimidine nucleotide substrate dTTP for replication of mtDNA by the pol ␥ replicase, or increased mutation in nascent mtDNA may result. Data supporting this latter scenario are available from both human genetic diseases and from the genetically engineered mouse studies. Reduced mitochondrial TK2 activity reduces mtDNA abundance in selected tissues (10, 39, 44, 45) . It may be possible that mtDNA mutation rates are increased in parallel. Reduction in TK2 enzymatic activity could be a feedback response to excess dTTP and result in reduced mtDNA replication fidelity and further decrease native mtDNA abundance (31, 46) . It may be possible that a previously uncharacterized mechanism may account for decreased intramitochondrial dTMP and result in decreased mtDNA replication.
In summary, this study documents the regulatory effects of epigenetic DNA methylation on nuclear gene promoters, resultant changes in TK gene mRNA expression, and downstream alterations in steady-state TK polypeptide abundance in human DCM. These together impact mtDNA abundance by regulating intramitochondrial dTTP as a substrate for pol ␥, the mtDNA replicase. Rigorous mathematical analyses of nuclear DNA methylation used here indicate that a core of gene promoters is a common target of enhanced nuclear DNA methylation in the LV of human DCM and these promoters may impact mtDNA replication at the level of substrate for the replicase. Methylation of the TK1 promoter coupled with decreased steady-state abundance of TK1 mRNA and TK1 protein argue for TK1/TK2 events as newly recognized compensatory responses to mtDNA depletion in DCM. These new findings underscore the importance of maintenance of mtDNA replication homeostasis, the crucial nature of mtDNA depletion in the organellar dysfunction, and resultant energy starvation phenotype observed in adult human DCM. They emphasize nuclear epigenetic regulation of mitochondrial defects in energy starvation found in DCM.
GRANTS
Supported by National Institute on Drug Abuse Grant DA-030996 to W. Lewis.
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s). 
AUTHOR CONTRIBUTIONS

